Abstract Apoptosis, a programmed cell death, is an important control mechanism of cell homeostasis. Deficiency in apoptosis is one of the key features of cancer cells, allowing cells to escape from death. Activation of apoptotic signaling pathway has been a target of anti-cancer drugs in an induction of cytotoxicity. PQ1, 6-methoxy-8-[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)quinoline, has been reported to decrease the viability of cancer cells and attenuate xenograft tumor growth. However, the mechanism of the anti-cancer effect is still unclear. To evaluate whether the cytotoxicity of PQ1 is related to induction of apoptosis, the effect of PQ1 on apoptotic pathways was investigated in T47D breast cancer cells. PQ1-treated cells had an elevation of cleaved caspase-3 compared to controls. Studies of intrinsic apoptotic pathway showed that PQ1 can activate the intrinsic checkpoint protein caspase-9, enhance the level of proapoptotic protein Bax, and release cytochrome c from mitochondria to cytosol; however, PQ1 has no effect on the level of anti-apoptotic protein Bcl-2. Further studies also demonstrated that PQ1 can activate the key extrinsic player, caspase-8. Pre-treatment of T47D cells with caspase-8 or caspase-9 inhibitor suppressed the cell death induced by PQ1, while pre-treatment with caspase-3 inhibitor completely counteracted the effect of PQ1 on cell viability. This report provides evidence that PQ1 induces cytotoxicity via activation of both caspase-8 and caspase-9 in T47D breast cancer cells.
Introduction
Quinoline is a heterocyclic aromatic nitrogen compound which is often used for the design of many synthetic compounds with diverse medical benefits [1] . Recent studies found that numerous quinoline derivatives display potent anti-cancer activity by targeting different cellular pathways, including multidrug resistance, proliferation, and apoptosis [2] [3] [4] . Apoptosis is a programmed cell death, an important control mechanism of normal cell physiology [5, 6] . Deficiency in apoptosis is one of the key features of cancer cells [7] . Restoring and activating apoptosis in cancer cells is a major target of cancer treatment [8] . By using cell-and caspase-based high-throughput screening assays, Kemnitzer et al. found a new series of apoptosis inducers, the 1-benzoyl-3-cyanopyrrolo[1,2-a]quinolines, among which the compound 1-(4-(1H-imidazol-1-yl)benzoyl)-3-cyanopyrrolo[1,2-a]quinoline displayed high cytotoxic activity in T47D human breast cancer cells, HCT116 human colon cancer cells, and SNU398 hepatocellular carcinoma cancer cells [9] . Sharma et al. reported that a quinoline derivative, 8-methoxy primido[4 0 ,5 0 :4,5]thieno(2,3-b)quinolin-4(3H)-one (MPTQ), induces apoptosis in K562 myeloid leukemia cell line and inhibits tumor progression in mice bearing different types of tumors [4] . These reports indicate that quinoline derivatives are potential anti-cancer drugs, targeting the induction of apoptosis.
Caspases, a class of proteases, play an essential role in the induction and execution of apoptosis. Caspase-dependent apoptosis can be generally divided into two signaling pathways: the intrinsic pathway and the extrinsic pathway [10] . The intrinsic pathway is initiated from within the cell and depends on the balance of the pro-and anti-apoptotic members of Bcl-2 family proteins. The internal signal, like DNA damage or severe cellular stress, causes proapoptotic protein, Bax, to migrate to the surface of the mitochondrion, where it inhibits the protective effect of anti-apoptotic protein Bcl-2. Bax generates holes in the mitochondrial membrane, which permits the leakage of cytochrome c to the cytoplasm. Cytochrome c activates caspase-9 and subsequently results in the cleavage of caspase-3 as the cell death executioner [11] . In contrast, the extrinsic pathway is triggered by a signal outside of the cells. These signals are pro-apoptotic ligands that bind to their specific receptors on the plasma membrane and activate the checkpoint protein caspase-8 [12] . Caspase-8 signal transduction eventually activates the caspase-3 to initiate cell death [12] . Some compounds trigger only one apoptotic pathway, while others can activate both pathways. For example, the MPTQ is reported to trigger two signaling pathways by activating both caspase-8 and caspase-9 [4] .
PQ1, 6-methoxy-8-[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)quinoline, has been reported to possess anti-cancer activity in breast cancer cells. Previous studies showed that one lM of PQ1 decreased cell viability to 50 % in T47D breast cancer cells and attenuated 70 % of T47D xenograft tumor in nude mice [13] . In the present study, we investigated whether the cytotoxicity induced by PQ1 is mediated through apoptosis. The results of Western blotting and immunofluorescence assays showed that PQ1 activated mitochondrial intrinsic pathways by increasing Bax, releasing cytochrome c from the mitochondria to cytosol, and subsequently activating caspase-9. Furthermore, PQ1 increased the level of active caspase-8. This report demonstrates that PQ1 induces cytotoxicity in T47D cells via both caspase-8 and caspase-9 mediated apoptotic pathways.
Materials and methods
Reagents and antibodies PQ1, 6-methoxy-8-[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)quinoline, was obtained as described by Shi at al. [14] and graciously provided by Dr. Duy Hua (Kansas State University). Acridine orange/propidium iodide (AO/PI) dye for viability assay was purchased from Nexcelom Bioscience (Lawrence, MA, USA).
Anti-cleaved caspase-3, anti-caspase-8 p18 (H-134), anticaspase-9 p35 (H-170), anti-Bax, and anti-Bcl-2 antibodies were all obtained from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Rabbit anti-cytochrome c, HRP-linked anti-rabbit/mouse, anti-cleaved caaspase-8 (Asp391), and anti-cleaved caspase-9 (Asp315) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Mouse anti-cytochrome c and rabbit anti-Cox IV antibodies were obtained from Abcam (Cambridge, MA, USA). Alexa-568-conjugated anti-rabbit IgG and Alexa-488-conjugated anti-mouse IgG antibodies were obtained from Invitrogen (Camarillo, CA, USA). Caspase-3 inhibitor (Ac-DMQD-CHO), caspase-8 inhibitor (Ac-IETD-CHO), and caspase-9 inhibitor (Ac-LEHD-CHO) were purchased from Enzo Life Sciences (Enzo Life Sciences, Farmingdale, NY, USA).
Cell line and cell culture T47D human breast cancer cell line was purchased from American Type Cell Culture (ATCC) (Manassas, MA, USA). Cells were grown in RPMI-1640 (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10 % fetal bovine serum (Atlanta Biological, Lawrenceville, GA, USA), 1 mM sodium pyruvate, 10 mM hepes, 4.5 g/L glucose, 2 g/L sodium bicarbonate, and 0.2 units/mL bovine insulin. Cells were maintained in T-75 flasks at 37°C with 5 % CO 2 and cultured in 6-well plates or T-25 flasks for experimental analysis.
Cell morphology T47D cells were cultured in T-25 flasks until 80 % confluent state. Cells were treated with DMSO and 100, 200, and 500 nM PQ1 for 24 and 48 h. Cells without any treatment were used as controls. Cell morphology was captured using Nikon 80i light microscope.
Cell viability assay
Cell viability was measured using Acridine Orange/Propidium Iodide (AO/PI) staining method. T47D cells were cultured into 6-well plates until 80 % confluent state. Cells were treated with DMSO and 100, 200, and 500 nM PQ1 for 24 and 48 h. Cells without treatment were used as controls. Detached and trypsinized cells were combined to access the total cell viability after treatment. Samples were centrifuged at 2,000 rpm using a HERMLE Z300K centrifuge with rotor 221.05 V01 (Labnet, Woodbridge, NJ, USA) for 5 min. Media and trypsin supernatant were discarded and cell pellet was resuspended in 19 phosphatebuffered saline (PBS). A cell suspension was mixed with AO/PI dye (5 lg/mL AO and 100 lg/mL PI in PBS) at 1:1 ratio. Viable and dead cells were visually examined by the Cellometer Auto 2000 (Nexcelom Bioscience, Lawrence, MA, USA). AO is a nuclear stain that is used to stain live cells and emits in the ''green'' range. PI is a fluorescent stain that only penetrates dead cells and emits in the ''red'' range. After taking both ''green'' and ''red'' fluorescent images, all fluorescent cells in each channel were counted and the concentration of live (green) and dead (red) cells as well as viability were determined.
Flow cytometry
Apoptotic cells were analyzed by flow cytometry using the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen, Camarillo, CA, USA). T47D cells were treated with DMSO and various concentrations of PQ1 for 24 and 48 h. Cells were harvested and washed with cold PBS. After centrifugation, supernatant was discarded and cell pellets were resuspended in 19 annexin-binding buffer to the final concentration at 1 9 10 6 cells/ml. After adding 1 lL of Alexa Fluor 488 annexin V and 1 lL of 100 lg/ mL PI working solution into each 100 lL cell suspension, cells were incubated at room temperature for 15 min. 400 lL of 19 annexin-binding buffer were added into the cell suspension after incubation. Stained cells were detected by flow cytometry measuring the fluorescence emission at 530 and 575 nM.
Mitochondria isolation
Mitochondria were isolated by using Mitochondria Isolation Kit from Thermo Scientific (Rockford, IL, USA). Followed the manufacturer's instructions, control and treated cells were trypsinized and centrifuged at 850 9 g using an Eppendorf centrifuge 5415R with rotor F-45-24-11 for 2 min. Cell pellets were treated with mitochondria isolation reagents. Cytosol and mitochondria fractions were isolated by two consecutive centrifugation steps (700 9 g and 12,000 9 g, respectively) at 4°C. After isolation, expressions of cytochrome c in mitochondria and cytosol were examined by western blot analysis.
Western blot analysis T47D cells were cultured in T-25 flasks until 80 % confluent state and then treated with DMSO and PQ1 as indicated for 48 h. Cells without treatment were used as controls. Cells were washed with PBS for three times and harvested in lysis buffer (Cell Signaling Technology, Danver, MA, USA). Cell lysates were sonicated using Vibra-Cell sonicator (Sonics & Materials Inc, Danbury, CT, USA) and then centrifuged at 13,000 rpm using an Eppendorf centrifuge 5415R with rotor F-45-24-11 for 30 min at 4°C. Supernatants were collected and measured for its total protein concentration. 30 lg of samples were separated by 4-20 % gradient SDS-PAGE for 35 min at 200 V, and transferred to nitrocellulose membranes (Midwest Scientific, Saint Louis, MO, USA). After blocked with 5 % milk for 30 min, membranes were immunoblotted against protein of interest. Immunoreactions using chemiluminescence were visualized by FluoChem E Imaging Instrument (ProteinSimple, Santa Clara, CA, USA). Intensities of the bands were digitized using Un-Scan-It software (Silk Scientific Inc., Orem, Utah, USA).
Immunofluorescence and confocal microscopy T47D cells cultured on coverslips in 6-well plates were treated with DMSO and PQ1 for 48 h. Cells were rinsed by warm PBS and fixed with 2 % paraformaldehyde for 20 min at room temperature. Fixed cells were washed 3 times with PBS and then permeabilized with 0.1 % Triton X-100 for 8 min. Cells were washed three times with PBS again, and blocked with 2.5 % BSA in PBS for 1 h at room temperature. After blocking, cells were incubated with primary antibodies overnight at 4°C and Alexa-conjugated secondary antibodies for 1 h at room temperature. DAPI was used for nuclei stain. The slides were mounted with prolong-antifade reagent (Invitrogen, Camarillo, CA, USA), sealed and observed under a confocal microscope (Carl Zeiss LSM 700 META, Narashige, MN, USA).
Caspase inhibitor assay T47D cells were cultured into 6-well plates until 80 % confluent state. Cells were pretreated with caspase-3 inhibitor (Ac-DMQD-CHO), caspase-8 inhibitor (Ac-IETD-CHO), or caspase-9 inhibitor (Ac-LEHD-CHO) at concentration of 20 lM for 1 h, and then treated with 500 nM PQ1 for 23 h. Cells without any treatments or treated with 500 nM PQ1 for 24 h were used as controls. After treatment, cell viability was assessed by trypan blue method. Cells floated in the media were collected and cells attached to the wells were trypsinized. Two parts of cells were combined together, centrifuged and resuspended. A cell suspension was mixed with trypan blue dye (0.2 % in PBS) at 1:1 ratio and viable cells were examined by the Cellometer Auto 2000 (Nexcelom Bioscience, Lawrence, MA, USA).
Statistical analysis
Statistical analysis of data was performed using student's t test Data presented were expressed as mean ± standard deviation (SD) of at least three independent experiments. Significance was considered at p value \ 0.05.
Results

PQ1 changes cell morphology and induces cell death in T47D breast cancer cells
Cytotoxicity of PQ1 on T47D breast cancer cells was determined by observed morphological change and dualfluorescence viability assay. T47D breast cancer cells were treated with DMSO and 100, 200, and 500 nM of PQ1 for 24 and 48 h. Cells without treatment were used as controls. Differences in cell morphology were observed between PQ1-treated and control cells under 20X magnification of light microscopy. Morphological changes including cell rounding, shrinkage, and detachment were found in PQ1-treated cells in a dose-dependent manner (Fig. 1) . Compared with cells treated with PQ1 for 24 h, cells treated with the same concentration of PQ1 for 48 h had more significant morphological changes (Fig. 1) . These results suggested that PQ1 induces morphological changes in a dose-and time-dependent manner. To determine if the changes of morphology were associated with cell death, cell viability was examined using dual-fluorescence (AO/ PI) viability assay. The results showed that PQ1 decreased cell viability in a dose-and time-dependent manner as well. 100 nM PQ1 did not significantly reduce cell viability with 24 h of treatment, but significantly reduced cell viability to Cell morphology was captured using the light microscope under 209 magnification. The scale bar represents a 100 lm in size 85 % with 48 h of treatment (Fig. 2) . 500 nM PQ1 showed a 37 and 47 % reduction of cell viability at 24 and 48 h of treatment, respectively (Fig. 2) . DMSO, a PQ1 solvent, showed no changes on cell morphology and viability at any time points (Figs. 1, 2 ). All these results indicate that PQ1 induces morphological changes and decreases cell viability in T47D breast cancer cells.
PQ1 induces apoptosis in T47D breast cancer cells
Morphological features of apoptosis including cell shrinkage and detachment were observed in Fig. 1 . Here, the effects of PQ1 on apoptosis were further determined by flow cytometry. T47D cells were treated with various concentrations of PQ1 for 24 and 48 h, and cell death was characterized using flow cytometry with propidium iodide (PI) and Alexa Fluor 488 annexin V staining. The Annexin V-FITC positive/PI negative cells located in the lower right quadrant of the histogram represent early apoptotic cells, and the Annexin V-FITC positive/PI positive cells in the upper right quadrant represent late apoptotic cells. Figure 3 shows that 24 h treatment of 500 nM PQ1 increased the early apoptotic cell population from 0.44 to 9.25 % and the late apoptotic cell population from 0.27 to 12.69 %, compared with the control. Same concentration of PQ1 resulted in a higher increase in the percentage of early apoptotic cells (from 0.69 to 11.68 %) and late apoptotic cells (from 0.57 to 20.23 %) at 48 h treatment (Fig. 3) . The results of flow cytometry suggest that PQ1 induces cell death through apoptotic pathways in T47D cells. 
Caspase-3 is an important executioner at the convergence of multiple caspase-dependent apoptotic pathways [15] . Activation of caspase-3 is considered to be the last step of caspase-dependent apoptosis [16, 17] . To evaluate if PQ1 induces caspase-3 activation of apoptotic pathways, expression of active caspase-3 was examined by confocal immunofluorescence microscopy. No detectable staining of cleaved caspase-3 was found in cells without treatment or cells treated with DMSO (Fig. 4) . Relative to control, a significant increase of cleaved caspase-3 staining was detected in the treated cells with 200 and 500 nM PQ1 for 48 h, indicating that 200 and 500 nM PQ1 is sufficient to activate caspase-3 (Fig. 4) .
PQ1 activates caspase-9 related intrinsic apoptotic pathway
The intrinsic mitochondrial apoptotic pathway is characterized by mitochondrial membrane permeabilization, cytochrome c release, and caspase-9 activation [17] . The anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax are two important members of the Bcl-2 family involved in the mitochondrial apoptotic pathway. It has been reported that the ratio of Bcl-2 to Bax is crucial to the mitochondrial membrane permeabilization and cytochrome c release [18] . Here, expression levels of Bcl-2, Bax, cytochrome c, and active caspase-9 were studied using both Western blot analysis and confocal microscopy to examine the effect of PQ1 on the activation of intrinsic apoptotic pathway.
Western blot results showed a gradual increase in Bax protein with an increase of PQ1; interestingly, there was no change in Bcl-2 level (Fig. 5a, b) . In contrast to control, 200 and 500 nM of PQ1 significantly increased the level of Bax to 156 and 176 %, respectively (Fig. 5b) . The results were further confirmed by confocal images. PQ1 increased the Bax staining in a dose-dependent manner as well, but again there was no change in Bcl-2 staining (Fig. 5d) . The effects of PQ1 on the levels of Bax and Bcl-2 subsequently resulted in a decrease of Bcl-2-to-Bax protein ratio. 48-hour treatment with 200 and 500 nM PQ1 decreased the ratio of Bcl-2 to Bax by 33 % and 40 %, respectively (Fig. 5c) . These results suggested that PQ1 caused a significant increase of Bax with no change in Bcl-2 expression, leading to a decrease of the Bcl-2/Bax ratio. To investigate the cytochrome c release, mitochondrial and cytosolic fractions for cytochrome c were isolated after Fig. 5 PQ1 increases the level of Bax but has no effects on the level of Bcl-2. T47D cells were treated with DMSO and various concentrations of PQ1 for 48 h. Cells without treatments were used as controls. a Levels of Bax and Bcl-2 were examined by Western blot analysis. Actin was used as a loading control. b Graphical presentation of three independent experiments shows the pixel intensities of Bax and Bcl-2 normalized to the controls. *P value is \0.05 compared to control. c Graphical presentation shows the ratio of Bcl-2 to Bax. Data were obtained in three independent experiments and are represented as the mean ± SD. *P value is \0.05 compared to control. d Immunofluorescence was performed to examine expression levels of Bax and Bcl-2. Red indicates Bax or Bcl-2 as indicated and blue indicates the nuclei treatment with PQ1 for 48 h. Western blot analysis showed a decrease of cytochrome c in the mitochondria fraction and an increase of cytochrome c in the cytosol of the PQ1-treated cells, indicating that PQ1 can trigger the release of cytochrome c from the mitochondria into cytosol (Fig. 6a) . Cytochrome c release was also visualized by confocal Fig. 6 PQ1 induces the release of cytochrome c from the mitochondira to the cytosol. T47D cells were treated with DMSO and various concentrations of PQ1 for 48 h. Cells without treatments were used as controls. a Mitochondria and cytosol were separated by using mitochondria isolation protocol as described in ''Materials and methods'' section. Western blot analysis of cytochrome c was performed. GAPDH and Cox IV were used as loading control in the cytosolic and mitochondrial fractions, respectively. Cox IV in the cytosol and GAPDH in the mitochondria were used as negative controls. Pixel intensities of protein bands were normalized to pixel intensities of loading controls. The results represent one of three independent experiments. Numbers above the blot show fold changes in expression of cytochrome c normalized to control. b Colocalization of cytochrome c and mitochondria was determined by confocal microscopy. Red indicates cytochrome c, green indicates the mitochondrial marker Cox IV, and blue indicates nuclei stained by DAPI. Colocalization of cytochrome c and mitochondria is shown in yellow color as indicated by arrows immunofluorescence microscopy with double-staining of cytochrome c and mitochondrial marker. In the untreated and DMSO-treated cells, a significant colocalization of cytochrome c and mitochondria was observed (Fig. 6b) . However, the colocalization signal decreased when cells were treated with 500 nM PQ1 (Fig. 6b) . The reduction of cytochrome c in the mitochondria is consistent with the translocation of cytochrome c from the mitochondria to the cytosol.
Released cytochrome c is a critical activator of caspase-9 in intrinsic apoptotic pathway. When caspase-9 is activated, the procaspase-9 (approximately 45 kDa) is cleaved into a fragment of caspase-9 p35 (approximately 35 kDa) [19, 20] . Therefore, expression level of caspase-9 p35, the active form of caspase-9, was examined by both Western blot analysis and confocal microscopy using anticaspase-9 p35 antibodies. Immunoblotting results showed that PQ1 can cause a decrease of procaspase-9 and an increase of caspase-9 p35 (Fig. 7a, b) . Compared with the control, the level of caspase-9 p35 was increased by 34 % in cells treated with 500 nM PQ1 for 48 h (Fig. 7b) . The Fig. 7 PQ1 activates caspase-9 in T47D cells. T47D cells were treated with DMSO and various concentrations of PQ1 for 48 h. a Levels of procaspase-9 and caspase-9 p35 were examined by Western blot analysis using anti-caspase-9 p35 (H-170) antibody which detects the p35 subunit and precursor of caspase-9. Actin was used as a loading control. b Graphical presentation of three independent experiments shows the pixel intensities of caspase-9 p35 normalized to the controls. *P value is \0.05 compared to control. c Graphical presentation of three independent experiments shows the ratio of active caspase-9 (caspase-9 p35) to pro-caspase-9. Results are normalized to the control. *P value is \0.05 compared to control. d Immunofluorescence was performed using anti-cleaved caspase-9 (Asp315) antibody, a rabbit polyclonal antibody specific to the 35 kDa large fragment of caspase-9 following cleavage at aspartic acid 315. Red indicates caspase-9 p35 and blue indicates the nuclei. Percentages of cells with positive staining were labeled on top of relative images ratio of active caspase-9 to pro-caspase-9 was increased to 250 % after treated with 500 nM PQ1 for 48 h (Fig. 7c) . Confocal images further supported that the increase of active caspase-9 was due to the presence of PQ1 (Fig. 7d) . All the results indicate that PQ1 can activate intrinsic apoptotic pathway in T47D cells.
PQ1 activates caspase-8 in T47D cells
Caspase-8 is a key reporter of extrinsic apoptotic pathway. When extrinsic pathway is initiated, procaspase-8 will be activated and cleaved into active form, leading to the activation of caspase-3 [21] . Thus, the activation of capase-8 was examined by comparing the cleaved caspase-8 in the presence and absence of PQ1. The results showed that 200 and 500 nM PQ1 can significantly cause a cleavage of procaspase-8 (55 kDa) into 43, 41, and 18 kDa fragments (Fig. 8a) . Quantification analysis of caspase-8 p18 showed that 48 h treatment with 500 nM PQ1 increased the level of caspase-8 p18 to 152 % relative to control (Fig. 8b) . The results of immunofluorescent staining confirm that 200 and 500 nM PQ1 can cause an increase of active caspase-8 (Fig. 8c) . Overall, the effect of PQ1 mediates not only the activation of caspase-9 but also the activation of caspase-8.
Cytotoxicity of PQ1 is counteracted by caspase inhibitors
To examine if activation of caspases is necessary for PQ1 cytotoxicity, T47D cells were pre-treated with 20 lM inhibitor of caspase-3/-8/-9 for 1 h, and then treated with 500 nM PQ1 for 23 h. Cell viability results showed that the cytotoxicity of PQ1 was completely inhibited by the pretreatment of Ac-DMQD-CHO, a caspase-3 inhibitor (Fig. 9) . The pre-treatment of Ac-IETD-CHO, a caspase-8 inhibitor, and Ac-LEHD-CHO, a caspase-9 inhibitor, partially inhibited the cytotoxicity of PQ1 (Fig. 9) . Compared with 500nM PQ1 treatment, pre-treatment of Ac-IETD- a Levels of procaspase-8 and cleaved caspase-8 (caspase-8 p43, p41 and p18) were examined by Western blot analysis using anti-caspase-8 p18 (H-134) antibody, a rabbit polyclonal antibody which detects cleaved subunits and precursor of caspase-8. Actin was used as a loading control. b Graphical presentation of three independent experiments shows the pixel intensities of caspase-8 p18 normalized to the controls. *P value is \0.05 compared to the control. c Immunofluorescence was performed using anti-cleaved caaspase-8 (Asp391) antibody, a rabbit monoclonal antibody which detects p18 subunit after cleavage at Asp391 of human caspase-8. Red indicates caspase-8 p18 and blue indicates the nuclei. Percentages of cells with positive staining were labeled on top of relative images CHO and Ac-LEHD-CHO increased the cell viability from 64 to 87 % and 84 %, respectively. The effects of caspase inhibitors indicate that the cytotoxicity of PQ1 is related to the activation of caspase cascade.
Discussion
Cancer is a complex disease with multiple deregulated signaling pathways, including apoptosis. Targeting apoptotic pathways has emerged as an attractive approach for cancer treatment. So far, numerous quinoline derivatives, both in natural and synthetic products, have been reported to possess anticancer activities through induction of different pathways of apoptosis [1] . By investigating the effect of quinoline anti-malarials on MCF-7 breast cancer cells, Zhou et al. [22] reported that quinidine, a natural alkaloid, and chloroquine, a synthetic alkaloid, trigger apoptosis via a p53-dependent pathway. Studies of another quinoline derivative, QBS (2-amino-N-quinoline-8-ylbenzenesulfonamide), revealed that QBS induces apoptosis in Jurkat cells via a caspase-dependent pathway [23] . The quinoline ring by itself showed no evidence of apoptosis induction [22] , indicating that this activity is conferred by addition of the side chain substituents. The properties of side chains and the steric structures of the derivatives may be related to apoptotic pathways selection. In this report, effect of PQ1, 6-methoxy-8-[(3-aminopropyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)quinoline, on apoptosis was examined in T47D breast cancer cells. The results showed that PQ1 induces apoptosis by initiating caspase cascade. It is not clear that which specific substituent of PQ1 is responsible for the activation of apoptosis. More studies are needed to establish the relationship between structure and function.
The present study demonstrated that 200 and 500 nM PQ1 for 48 h significantly increased the population of apoptotic cells (Fig. 3) and activated caspase-3, -9 and -8 (Figs. 4, 7, 8) , indicating that the effective concentrations of PQ1 in apoptosis induction fall in the nM range.
Caspases are a group of ICE (interleukin 1 b-converting enzyme)-like proteases that play a crucial role in apoptosis mediation [24] . Currently, 14 caspases have been identified in humans [25, 26] , and among them caspase-3 is frequently activated and serves as the executioner. Activation of caspase-3 by cleavage of procaspase-3 is considered to be a hallmark of apoptosis [27] . By examining the expression of cleaved caspase-3 after PQ1 treatment, we provide evidence that PQ1 can induce the activation of caspase-3. Caspase-3 is activated both by extrinsic and intrinsic pathways via interacting with two initiator caspases, caspase-8 and caspase-9 [28] . In intrinsic pathway, activation of caspase-9 is regulated by cytochrome c and two members of Bcl-2 family, Bax and Bcl-2. The pro-apoptotic factor Bax has been reported to form heterodimers with the anti-apoptotic factor Bcl-2, which consequently induce cytochrome c release and accelerate apoptosis [29] . Overexpressed Bax counteracts the activity of Bcl-2 [29] . However, this view has been questioned due to the fact that the dimeric interaction of Bax and Bcl-2 can only be detected in the presence of nonionic detergents, such as Triton X-100 and Nonidet P-40 [30] . Furthermore, Knudson and Korsmeyer reported that although there is an in vivo competition between Bax and Bcl-2, they are able to regulate apoptosis independently [31] . Consistent with this report, our results showed that PQ1 can cause an increase in Bax without any changes in Bcl-2, Fig. 9 Effects of caspase inhibitors on the cytotoxicity of PQ1. T47D cells were pre-treated with 20 lM caspase-3 inhibitor (Ac-DMQD-CHO), caspase-8 inhibitor (Ac-IETD-CHO), or caspase-9 inhibitor (Ac-LEHD-CHO) for 1 h, and exposed to 500 nM PQ1 for 23 h. Cells without treatments and cells treated with 500 nM PQ1 for 24 h were used as controls. Cell viability was determined by trypan blue method. Data were obtained in three independent experiments and are represented as the mean ± SD *P value is \0.05 compared to control. indicating that PQ1 can activate intrinsic apoptotic pathway through Bax-dependent but Bcl-2 independent mechanisms. Activation of caspase-8 is a crucial step in extrinsic apoptotic pathway. 200 and 500 nM PQ1 can cause a cleavage of procaspase-8 into active caspase-8 fragments, suggesting that PQ1 can also mediate the activation of extrinsic pathway reporter. However, the cleaved caspase-8 can activate caspase-3 through two alternative signaling pathways [32, 33] . One pathway is through the activation of caspase-3 directly. Another pathway is through the cleavage of BID, a Bcl-2 interacting protein, and the truncation of BID (tBID) to translocate to the mitochondria where tBID induces mitochondrial damage and releases cytochrome c. The released cytochrome c activates caspase-9 and sequentially activates caspase-3. It is not clear which downstream pathway is dominant in caspase-8 mediated apoptotic pathway. Further studies are needed to elucidate the downstream events after caspase-8 activation.
In conclusion, this study showed that the quinoline derivative, PQ1, exerts its anti-cancer effects in T47D breast cancer cells through the induction of both caspase-8 and caspase-9 mediated pathways of apoptosis. PQ1 can significantly increase bax, cause the release of cytochrome c, activate caspase-9 and caspase-8, and subsequently induce caspase-3-mediated apoptosis.
